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Introduction
Mortality rates of marine fish larvae are generally high, variable, and contribute to irregular recruitment to commercial stocks (Peterson and Wroblewski, 1984) . Predation mortality is considered to be a significant component of total mortality, but there are very few estimates of the rates of predation mortality in early life stages of marine fish (Köster and Mollmann, 2000) .
Capelin larvae (Mallotus villosus) and small juvenile stages of herring (Clupea harengus) and cod (Gadus morhua) partly overlap in time and space during summer in the southern part of the Barents Sea (Hamre, 1994) . Large year classes of cod and herring are often produced in years with above-average water temperature in spring, whereas in years with high biomass of juvenile herring in the Barents Sea, the recruitment of capelin is often compromised (Mikkelsen and Pedersen, 2004) . Juvenile herring drift from the spawning grounds along the Norwegian Coast in the south into the Barents Sea as 0-group fish during their first summer, then stay for 2 -3 years in the southern part of the Barents Sea (Røttingen, 1990; Gjøsaeter, 1998) . Predation by juvenile herring on capelin larvae has been documented (Huse and Toresen, 2000) , but it is uncertain whether predation mortality is the main cause of herring's impact on capelin recruitment (Gjøsaeter and Bogstad, 1998; Mikkelsen and Pedersen, 2004) . Toresen (1995, 2000) suggested that the predation of juvenile herring on capelin larvae during their investigations of 1992 and 1993 was an important factor in mortality in those years. Based on that evidence, Hamre (2003) advocated the notion that juvenile herring are important predators of capelin larvae and the main cause of poor recruitment of capelin in years with an abundance of herring in the Barents Sea.
Predation intensity depends on spatial overlap between prey and predator, the functional response and prey-predator size relationships (Pepin and Shears, 1995; Scharf et al., 2002) . These relationships change rapidly during early life stages owing to changing spatial distributions of predator and prey and the rapid growth rates of fish larvae. Studies that model spatially distributed mortality rates of larvae and juveniles do exist, but most approaches either assume mortality solely attributable to variable prey abundance, starvation, or increased mortality through slow growth rates at low temperatures (Hinrichsen et al., 2002) . Modelling studies including predation mortality have mainly targeted short periods or relatively small areas (Pepin et al., 2003) .
The Strategic University Programme BASECOEX (Capelin and herring in the Barents Sea-Coexistence or Exclusion) was established to test the hypothesis of Hamre (2003) . This challenge was addressed through a multidisciplinary approach with particular emphasis on field studies during spring and summer for 3 years (2001) (2002) (2003) to delineate and quantify the rates of predation mortality. The core objective within the BASECOEX programme was to model and investigate the effect of predators and prey (juvenile herring, juvenile cod, and capelin larvae) in a realistic ecosystem context, supported by a large quantity of experimental and field data. Based on stomach contents and abundance estimates of predators from surveys during summer in the Barents Sea, the rates of predation mortality for capelin larvae in areas and years with prey and predator overlap have been estimated to be 10% d 21 for herring (Hallfredsson and Pedersen, in press ). The scope of this study is limited to modelling stock interactions between capelin larvae and herring in the Barents Sea. The specific objective is to estimate spatial and temporal mortality of capelin larvae in 2001 based on a Lagrangian modelling approach, synthesis of the data available, and the results achieved through BASECOEX.
Material and methods

Study area
The study was conducted in the Barents Sea and in the coastal areas off Finnmark and Troms County, northern Norway (Figure 1) , part of the Norwegian continental shelf. The continental shelf topography off northern Norway is dominated by a number of relatively small, well-defined banks separated by troughs.
The circulation in the Barents Sea is influenced by the Norwegian Atlantic Current flowing north along the western continental slope of Norway. West of Troms County, the current bifurcates and a portion enters the Barents Sea. Shorewards of this Atlantic Current, the Norwegian Coastal Current (NCC) flows along the coasts of Troms and Finnmark. That current is further termed the Murman Coastal Current when it crosses the border between Norway and Russia. The Barents Sea also has several shallow bank areas, characterized by anticyclonic circulation. The inflow to the Barents Sea also shows considerable interannual variability (Å dlandsvik and Loeng, 1991) .
Field sampling
As this study utilizes estimates and parameters from a number of auxiliary studies, an overview of data sources is presented in Table 1 .
The survey of capelin larvae, used as initial conditions, was conducted by the Institute of Marine Research (Bergen, Norway) in the southern Barents Sea in June 2001 (Figure 1 ; Table 1 , number 2). This is an annual survey, conducted since 1981. The capelin larvae were collected with a Gulf III ichthyoplankton sampler with a mesh size of 375 mm. The towing speed was 5 knots, and the sampler was released with a speed of 0.5 m s 21 until a depth of 60 m was reached. It was hauled in at the same speed. A SCANMAR depth sensor and a flowmeter were attached to the high-speed plankton sampler.
Mapping of immature Norwegian spring-spawning herring was carried out during a survey conducted by the Polar Institute of Marine Fishery and Oceanography (PINRO) in May/June 2001 with RV "Fridtjof Nansen" (Table 1 , number 3). The immature herring were distributed off the Russian and Norwegian coasts between longitudes 25 and 408E and extending 100 nautical miles (hereafter "miles") offshore. In all, 803 000 t of herring were estimated, the main age groups being 2 and 3 years (IMR, 2001) . The biomass was estimated using echo integration and pelagic trawls. The survey was carried out between 25 and 408E, enclosed by the coast and 738N. Transects were in a northsouth direction 20 miles apart. The survey vessel was equipped with an EK-500 echosounder and a SONIS post-processing system. Echo intensities were integrated continuously, and mean values per mile were recorded for each fifth mile. Contributions from the seabed, false echoes, and noise were eliminated, and corrections were made for the presence of a bubble layer. The corrected values for integrated echo intensity were allocated to species and age groups according to the pattern of the echograms and the composition of the trawl catches. The estimate of stock abundance by age, number, and weight was calculated using stocksize estimation software (BEAM) developed in SAS GIS. Echo intensities were converted to absolute numbers using the targetstrength (TS) relationship
where TS is in db, s the acoustic cross section, and L the fish length. Herring were further separated into age groups (1 -3 years) and length groups at a resolution of 1 cm. The trawling procedure was standardized in accordance with recommendations made in 1980 (Anon., 1983) . Subsequently, the immature herring distribution derived from the survey was used as a predator field in the particle-tracking model. The herring biomass was assumed to be homogenously distributed within the predator field. It was also assumed that there was no difference in predation between different age classes of herring. The predator field derived from this field survey constitutes Scenario 1 (Area B; Figure 1 , top panel). By dividing total herring abundance by the average weight per individual (0.048 kg) and the size of the study area, we deduced density as 0.52 herring m 22 . Note that the survey did not cover areas inside 12 miles for legal reasons, so there was potential underestimation of total stock sizes.
An alternative method (Scenario 2) was based on an assessment of the abundance of Norwegian spring-spawning herring performed by ICES (Table 2, number 4). This assessment provided a total of 39.993 billion herring in age groups 1 and 2 years (ICES, 2006) . Assuming an increased spatial distribution of the herring field in a shoreward direction, so including the nonsurveyed areas from the Russian survey as described above, this gave 1.41 herring m
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. Age classes .2 years were virtually absent from the study area, so we incorporated only 1-and 2-yearolds in our predator field. The ICES herring density from the assessment was used in Scenario 2 (Area Aþ B; Figure 1 , top panel).
Hydrodynamic and particle-tracking model
The hydrodynamic model is based on the primitive Navier-Stokes equations solved by a finite difference scheme (SINMOD). Detailed model description is given by Slagstad and McClimans (2005) . The horizontal grid point distance is 4 km, there are 21 vertical levels (Arakawa C), and the model is nested. The coupling between the small-and large-scale hydrodynamic models is performed by a flow-relaxation scheme. Wind and air pressure (every 6 h) input is taken from met.no's hindcast data archive (Reistad and Iden, 1998) . Initial and boundary values of temperature and salinity were taken from NODC (Levitus) World Ocean Atlas 1998 data provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, CO, USA, from their website at http://www.cdc.noaa.gov/. The internal time-step of the tracking model is 20 min, and the tracking output fields are stored every 24 h.
The particle-tracking module is a separate software suite that uses current, temperature, and salinity fields as input. Based on the initial setup of the particles and the current fields, a new position is calculated every 20 min. The numerical tracking scheme used a fourth-order Runge -Kutta. Embedded in the tracking model are activation dates for each particle, defining whether or not they have been released. This is because all larvae were not sampled at the same time (the non-synoptic dimension of a survey). Embedded in the tracking model too are growth and the mortality components. The output from the tracking model is a three-dimensional position for every particle every 20 min, a size, and a fraction removed by predation. In all, 17 786 particles were tracked, the number of larvae sampled during the field survey. This number was further scaled up by 600 000 so that the number of larvae would be 10.7Â 10 12 , which is identical to the total abundance estimated from the field survey. Hence, 17 786 super-particles represented a total of 10.7Â 10 12 capelin larvae.
In this study, capelin larvae are modelled as passive drifters. This is an approximation, because capelin larvae do possess the ability for self-induced motion (swimming). Exactly which behavioural patterns and rules control self-induced movement of capelin larvae remains unsolved, so the assumption that they are passive drifters is the only one currently possible.
Predatory relationship between immature herring and capelin larvae
Based on analysis of herring stomach contents and capelin larvae abundance estimated with the Gulf III sampler during 2001 and 2003, the relationship between the number of capelin larvae observed per stomach (Ns) and capelin larvae abundance (Nc, ind. m
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) was estimated as Ns ¼ 0.0351 Nc (E. H. Hallfredsson, pers. comm.) . The number of capelin larvae preyed upon per herring per day (Ne) was estimated from the formula (Bajkov, 1935; Munk, 2002) as Ne ¼ NsÂ DÂ 24 h, where D is the rate of stomach evacuation for capelin larvae in herring stomachs (D ¼ 0.30 d 21 ) estimated by . This gives the functional response equation Ne ¼ 0.25 Nc. Within the model, the number of capelin preyed upon per day per square metre and the mortality rates were calculated for grids of size 4Â 4 km. For each grid cell, the average abundance of capelin larvae (Nc) was calculated, and the average number of capelin larvae preyed upon per square metre (N pr ) was N pr ¼ N h Â Ne, where N h is the average number of herring predators per square metre. The predation mortality was calculated as the proportion (%) of capelin larvae being eaten per day.
Herring-independent mortality and growth rates of capelin ) and a growth in length rate of 0.25 mm d 21 were used in the models. These estimates are based on average mortality rates and growth in length rates of capelin larvae in bag experiments (eight bags). Capelin larvae were reared from hatching to 36 -79 d in a predator-free environment with similar prey abundance as in the open sea (Ivarjord et al., 2008; Pedersen and Fossheim, 2008) .
Estimates of the instantaneous non-herring mortality rates were also derived from survey data. Average daily mortality rates for years with low herring abundance (,100 000 000 kg) were calculated from the estimates of the numbers of eggs spawned (1973 -2000) , larval abundance in June (1981 June ( -2000 , and the number of 1-group juveniles the next year (1973 -2000) . The numbers of eggs spawned were calculated from the spawning-stock size, assuming constant natural mortality, from acoustic assessment in October to spawning on 1 April the following year, using the estimated spawning stocks listed by Mikkelsen and Pedersen (2004) . It was further assumed that females made up 50% of the weight and that each female had a fecundity of 11 525 eggs and an average body wet weight of 13.9 g (Huse and Gjøsaeter, 1997) . It was assumed that the time from spawning to the larval abundance assessment in June was 75 d and from larval assessment to 1-group assessment was 470 d.
The average estimates of instantaneous non-herring mortality rates were 0. , n¼ 16) for the period from spawning to 1-group assessment. As mortality rates usually decrease with body size, the non-herring mortality value for the modelled period from the survey of larvae in June to 0-group assessment in August/September is likely to be lower than the value from the period from spawning to the survey of larvae, and higher than the value from the survey of larvae to the 1-group assessment. To test the effect of variability in the nonherring mortality rate in the model scenarios, the low value of 0.0050 d 21 (0.5%) was chosen as a low-mortality case and the high value 0.0350 d 21 (3.5%) was chosen as a high-mortality case. Predation Scenario 2 was used.
Comparison metric
To compare the survey results against various scenarios, two metrics were calculated. The entire simulation domain was gridded into bins of 100Â 100 km, a total of 154 bins (n¼ 154, Table 2 ). Within each bin, abundance estimates for capelin larvae from survey and from simulated data were calculated and normalized. For each bin, therefore, there is a pair of simulated and observed abundances. Simulated and survey data were further plotted against each other in a Cartesian axis system. Based on this, a linear regression was performed between modelled and field data. The correlation index retrieved from the linear regression serves as an indicator of which simulation fitted the survey data best.
Results
Dispersion
The initial field of capelin larvae was obtained from a survey along the coast of northern Norway. Some stations were empty, so are not included in the simulations. The application of survey data as an initial condition introduces a non-synoptic dimension to the data. Explicitly, the first sample had been subjected to advection of 18 d when the last station was sampled. The advection scheme calculates the movement of point particles. Hence, any visualization of the particles would be points in a field map. To increase the visual appearance of plots, we aggregated particles within frames of 20Â 20 km (25 grid points), but this had no consequence for the advection scheme. The modelled spatial distribution of capelin larvae at 1 July is shown in Figure 2a and b (Scenarios 1 and 2). As expected, this is quite coherent with the initial sampling grid (Figure 1a) . At 1 September, the capelin larvae had been exposed to advection for 2 months (Figure 2c and d; Scenarios 1 and 2). The northernmost particle was at 778N, and the easternmost at 498E. The main direction of the modelled Lagrangian transport was between 50 and 1508 (N/E) (n¼ 708 814 059 578; 17 786 super-objects; m¼ 1058, s.d.¼ 458; Figure 3a) . To study the effect of predation upon the advection frequency, we repeated Scenario 2 without predation from herring, then re-calculated the frequency distribution of direction for the population remaining at 1 September. Excluding predation, the main direction of the remaining population was from 100 to 1508E (n¼ 3 775 428 036 496; 17 786 super-objects; m¼ 1198, s.d.¼ 358). Including predation, this pattern was significantly different, with a greater proportion of the surviving population being transported northeastwards (708), and a smaller proportion found in the 80 -1308E segment. In general, the modelled advection was consistent with present knowledge of the NCC and the current system in the Barents Sea.
With respect to distance at 1 September, the remaining population had been advected between 50 and 700 km, with a peak at 50 -60 km. When predation from herring was turned on in Scenario 2, there was a decrease in the population proportion being advected small distances (70 -200 km), and an increase in the proportion of the population being advected longer distances (400-600 km; Figure 3b) .
A sample of 100 randomly simulated particle trajectories is shown in Figure 4 . There are two main advection directions: along the coast and offshore. Particles released from moreoceanic sites are subjected to more offshore advection than inshore particles. The retention of particles within the coastal current was clear, and only in certain "departure" regions were inshore particles advected offshore. The effect of bathymetric steering on currents and trajectories was also clear, i.e. particle trajectories followed bathymetric isolines. Because of the 24-h average of the current fields, tidal ellipses are not shown. Also indicated are major retention areas in fjord inlets.
To assess the impact of advection per se, we simulated Scenario 2 with predation, but with advection turned off. That meant that there was no drift of any capelin larvae, i.e. they remained stationary wherever they were sampled during the initial survey. With advection, the original capelin larvae population was reduced to 6.6% by 1 September, whereas the corresponding number without advection was 8.4%.
Capelin larvae mortality
The decrease in capelin larvae abundance is a function of nonherring natural and predatory mortalities (Figure 5a and b) . This applies to both Scenarios 1 and 2. To quantify the effects of predation explicitly, we simulated with and without herring predation. Further, to remove the effects of herring predation during the survey, we also made an alternative run where herring predation was turned on at 24 June, after the survey had been completed.
At 1 July in Scenario 1, 1 week after the termination of the survey, there had been a decrease in the abundance of capelin larvae to 50 -60%. Predation had a stronger effect in Scenario 2, with a decline in capelin abundance to 20 -30% by the same date. At 1 August, only 30% of the original population remained in Scenario 1, and 10 -15% in Scenario 2. At 1 September, ,20% of the original population remained for both scenarios.
The first important factor was the dominance of herring predation on the abundance of capelin larvae. In Scenario 1, there was a reduction of 30 -50% at any given time during the period of simulation, solely attributable to herring predation. In Scenario 2, there was a 60 -80% reduction at any given time during the period of simulation. The second important factor is the rapid decline in abundance in Scenario 2. After ,7 d, just 20% of the original capelin larvae population remained if herring predation commenced after the completion of the survey. If there was predation during the survey, which is more realistic, some 15% of the population would be present at 1 July, 1 week after the completion of the initial survey.
In the analysis so far, the spatial dimension has not been considered. The degree of overlap between the drift trajectories and the herring field is a function of the origin of the capelin larvae. To investigate the extent to which the spatial origin determines the exposure to predation, we calculated the degree of mortality at 1 September as a function of origin ( Figure 6 ). Predation Scenario 2 was used. This corroborated our belief that capelin larvae near juvenile herring are exposed to heavy predation, with .95% of the larvae removed from the system. At the circumference of the herring field, the mortality rate is less because of the smaller spatial and temporal overlap between drift trajectories and feeding herring. For example, in eastern Finnmark, the integrated mortality is 60%. Capelin larvae initially sampled on the offshore side of the herring field were also less exposed to predation, and the dominating mortality was the non-herring natural mortality. This is also obvious from Figure 5 , where natural mortality had reduced the total population to 35% by 1 September.
Model and survey metrics
A summary of the metrics calculated is given in Table 2 . We calculated the metrics for six simulation setups towards survey data. These setups were all based on Scenarios 1 and 2. Scenario 2 including predation (setups 4-6) yields by far the simulations with the highest r 2 (0.0191-0.0217), i.e. they match the survey data best. In terms of Scenario 1, the setup including predation had a worse fit to the survey data than the setup excluding predation, contrary to what we expected, and hence rather surprising. In setups 5 and 6, the non-herring natural mortality rate of 1.3% was adjusted to 0.5 and 3.5%. When compared with setup 4, which is identical except for the parameter tuning, this confirmed that the natural mortality parameter for capelin larvae was not dominant in a sensitivity context.
Discussion
From the frequency distribution of direction and distance, it is possible to get the impression that predation per se will alter the trajectories of the surviving larvae ( Figure 3a and b) ; this is not the case. We stress that we evaluate the population remaining at 1 September. The actual size of the population then will clearly be very different with and without predation, having a small population size with predation and a bigger one without predation. However, to analyse inter-scenario variability, we converted the actual number of individuals to the percentage of the population to plot on the y-axes. Without predation, the main direction of advection of surviving larvae is east-southeast. This corresponds to the direction of the NCC along the northern Norwegian coast, continuing towards the coast of northwest Russia. However, when herring predation is applied, a major portion of the capelin larva population flowing along the coast is eradicated by herring, decimating it. This explains the decrease in the 90-1308 segment (close coastal advection) and the relatively larger proportion of survivors with offshore advection (50-1008).
Spatial and temporal variability of the herring field
Norwegian spring-spawning herring follow the triangular pattern described by Harden Jones (1968), but with different spawning, nursery, and adult areas. The nursery area is the southern Barents Sea; herring drift into the Barents Sea as early juveniles and remain there for 2 -4 years before emigrating to join the adult stock in the Norwegian Sea (Huse and Toresen, 2000) . Field studies of predation, stock-recruitment modelling, and the results of this modelling study show that it is the immature portion of the herring population that interact with capelin larvae and act as recruitment modulator (Gjøsaeter and Bogstad, 1998; Huse and Toresen, 2000; Mikkelsen and Pedersen, 2004; Godiksen et al., 2006) . This implies that there is an out-of-phase relationship between recruitment and the abundance of juvenile herring and capelin in the Barents Sea. Capelin have recovered three times following the periods of low herring abundance in the Barents Sea since the collapse in 1984-1986. The key factor to consider is the integrated space -time overlap between the capelin larvae and the herring field. When this overlap is extensive, predatory mortality is heavy, and the opposite when the overlap is less. A strategic approach to addressing this question would be to simulate mortality as a function of the location of the herring field, and a more advanced setup would include a dynamic model of 1 -3-year-old herring distribution. Despite the herring fields applied here being temporally static, our results support the belief that herring as predators act as temporal and spatial modulators of capelin larvae. A dynamic herring field with variable extension may induce greater mortality than a static field because mortality rates of larvae within the field are very high. How interannual changes in the alongshore distribution of the herring influence the advection of larvae and subsequent larval mortality needs further study. The role of advection per se was also investigated. The difference in the proportion of capelin larvae surviving was fairly low (6.6% with advection vs. 8.4% without advection). This reduces the importance of advection after commencement of herring predation as a physically dominant factor in Figure 4 . Sample of 100 simulated particle trajectories for capelin larvae.
Integrating spatial and temporal mortality from herring on capelin larvae recruitment modulation. However, the integrated space-time overlap in combination with the predatory relationship still maintains its role as the dominant process. This is also evident from Figure 5b , which shows that some 80% of the capelin larvae have been eaten by 1 July, 1 week after the survey that provided the starting conditions ended. It is unlikely that advection would cause much of an impact during a single week. The difference in the numbers of survivors with and without advection originates from capelin larvae initially sampled outside and upstream of the herring field, then drifting into it, and larvae that are subjected to meanders on the fringe.
Coherence and metrics between modelled data and field data
There is a degree of correspondence between the horizontal distribution of capelin larvae (.20 mm) caught by pelagic trawl in September 2001 (0-group; Table 1, number 1) and those from the model scenario including herring predation (Figure 7b and c). A common feature of both the observed and modelled distribution is the area of low abundance of larvae in September close to the coast of Finnmark, at 24 -338E, extending north from the coast to ca. 738N (Figure 7b and c) . In contrast, the modelled scenario without herring predation resulted in greater abundance of capelin larvae close to the coast (Figure 7a ). The latter area had the heaviest herring predation mortality in Scenario 2, demonstrating that the low 0-group abundance in this area is attributable to herring predation mortality.
Some features of the observed and modelled Scenario 2 of 0-group distribution in September 2001 differ. First, the field data but not Scenario 2 show an abundance of capelin larvae east of Bear Island. Our hypothesis is that the larvae east of Bear Island may originate from spawning on adjacent grounds. However, in the review of the Barents Sea capelin stock (Gjøsaeter, 1998) , there is no indication of this. Second, a patch of abundant 0-group larvae was observed outside the model domain at ca. 47 -528E 69-718N, north of Kolguev Island (Anon., 2001 ). This may have originated from larvae present along the Russian Kola coast in June and not covered by the capelin larva survey. Finally, there were several local near-coast retention areas, where large numbers of capelin larvae aggregated in the simulation. This retention was also documented in the modelling study of Pedersen et al. (2006) , in which larvae of the red king crab were trapped in the fjords.
As an overall perspective, the correlation coefficients between survey and simulated data were low, despite the qualitative coherence documented in Figure 7b and c. There are a number of reasons for this. First there is the comparison of synoptic simulation data with non-synoptic field data. Pedersen et al. (2000) transformed non-synoptic data into synoptic data, and the considerable effect of advection on passive organisms was clear. To remedy and quantify the effect in this study, a forward and a backward model needs to be established (Christensen et al., 2007) . Also, the generic nature of our data poses a challenge. The field data are based on a fixed number of stations organized in a grid. The simulated data are clouds of particles, with a total of 17 786 entries. To compare these types of data, the simulated data need to be gridded into a grid of the same size as the field data. However, the field data are originally laid out in a latitude-longitude grid. Our model domain is a polarstereographic grid. If the grid size in the polar-stereographic grid becomes too low, some grid cells will almost certainly contain no field stations, whereas others will contain several, despite their original equidistance in a latitude-longitude grid. We settled on a compromise with 100Â 100 km (25Â 4 times 25Â 4 km) bins. This maintained a sufficient degree of spatial resolution vs. aggregation. The third factor is the local aggregations of capelin larvae near the coast in fjord inlets. These areas were not covered in the autumn survey (Table 1 , number 1), so would add noise to any analysis of similarity between the results of field surveys and simulated data.
The metrics also indicated that the variants based on Scenario 1 (setups 1 and 2) had much less correlation with field data than Scenario 2 (setups 4-6). Scenario 1 contains a predatory field of less spatial extent than Scenario 2 (Figure 1) , and the number of predators per unit area is also lower (0.5 vs. 1.4 herring m
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). The predator area of Scenario 1 is based on a survey grid that did not cover the near-coast area (inside 12 nautical miles), but this area was embedded in Scenario 2. Based on our prior knowledge of these systems, Scenario 2 would seem to be the most realistic with respect to the distribution of herring. Hence, the combined effect of increased predator density and extended spatial distribution of the predator field are the most likely contributors to the improvement between Scenarios 1 and 2 (see the comparison indices in Table 2 ).
Hamre's hypothesis
During the period 1983-1986, a strong 1983 year class of herring inhabited the southern part of the Barents Sea and coincided with a dramatic decline in the recruitment of capelin, which led to a collapse of the latter species in 1986. The shortage of capelin in subsequent years caused mass mortality among predatory seabirds and marine mammals (Barrett and Krasnov, 1996) . In the aftermath of this major ecological perturbation, it was suggested that Figure 6 . Spatial mortality of capelin larvae at 1 September as a function of origin. Predation Scenario 2 was used, with advection on.
Integrating spatial and temporal mortality from herring on capelin larvae the collapse of the capelin was associated with the abundance of herring (Hamre, 1985; Moksness and Øiestad, 1987) . Modelling results (SYSTMOD) further confirmed the generic knowledge of the dynamics in the pelagic system of the Barents Sea; stock interactions determine the relative abundance of capelin, herring, and cod (Hamre, 1994) . From 1994 to 1997, there was further evidence for a correlation between an abundance of young herring and low year-class production of capelin, with a consequent collapse of the capelin stock (Gj¢saeter and Bogstad, 1998) . The hypothesis of Hamre (1994 Hamre ( , 2003 is that predation by juvenile herring causes a very high mortality of capelin larvae, resulting in recruitment failure.
The simulations performed here support the existence of a spatial overlap between juvenile herring and capelin larvae. Most obvious is the rapid decimation of the larvae, on the scale of weeks if there is extensive overlap. The population is reduced to ,20% in 2 weeks in Scenario 2, and to ,50% in Scenario 1. However, in areas where the extent of overlap is less, the survival rate of capelin larvae is better. Therefore, the regulatory effect of this predator-prey relationship between herring and capelin larvae is clearly dictated by the extent of spatial overlap. noted that the relationship between herring predators and capelin prey could be modified by the presence of alternative prey such as krill and copepods. The interannual and spatial variability in alternative prey is high during spring and early summer in these areas (Fossheim et al., 2005) , so small-and mesoscale patchiness not captured in our model design could modify the predation effect on capelin larvae in the Barents Sea. Moreover, alternative mechanisms for the inverse relationship between herring and capelin recruitment, such as competition for food between the young stages of capelin, herring, and cod (Pedersen and Fossheim, 2008) , need to be considered in future studies. Nevertheless, the BASECOEX research programme, as synthesized in the current study, has been unable to reject the hypothesis of Hamre (2003) .
